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ABSTRACT

Fracture and acoustic emission (AE) tests were performed
on alumina particle-filled epoxy and alumina particle-filled
martensitic steel composites. The ring-down counting method

was used to measure AE.

Three-point bending tests were carried out for the mar-
tensitic steel composites and AE was recorded during the
fracture test. The alumina appeared to have 1ittle effect

on the AE from martensitic steel.

The é]astic modulus and AE attenuation of the alumina
particle-filled epoxy composites were analyzed. The elastic
modulus and AE attenuation of the epoxy composites were in-
dependent of the average alumina particle size. The elastic
modulus increased with increasing alumina volume fraction and
the AE attenuation decreased slightly with increasing alumina

volume fraction.

Double torsion, wedge-loading and three-point bending
fracture tests Were carried out for the alumina-reinforced |
epo%y composites. AE was recorded during each fracture test.
The fracture energy and toughness values.increased with in-

creasing vblume fraction and were independent of the particle

S ——
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size. The increase in fracture surface due to the presence
of particles accounted for about 60% of the increase in

fracture energy.

Crazing seemed to be the majo; source of AE in pure
~epoxy. During failure of the composites the AE inéreased with
increasing particle size. A cut-off value in particle size

‘at about 40 um appears to exist, below which no increase in

" AE occurs with the addition of particles. For intermediate
alumina volume fractions a maximum was observed in AE versus
volume fraction curves.' The pinning and release of the crack
front due to the presence of hard partic]és appeared to be the

major contributing factor to the AE of the epoxy composites.
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1. INTRODUCTION

Acoustic emission is the name given to the elastic
.waves generated during transient changes in the local stress
and strain fields within a material, The term is also abp]ied

to the techniques used to detect such elastic waves.

In many studies over the last twenty years acoustic
emission has been monitored in order to obtain a greater
insight Tnto‘deformation, failure and fracture prdcesses
in materials., This technique has been used as a tool for
quality control, failure analysis and failure prevention.
'However, the sources, propagation and detection of acoustié
emission are not yet c]ear1y‘uhderstood. Full advantage of
acoustic émission techniques will not be realized until
andamenta] know]eage such as the nature of the generatfon
of the acoustic waves is obtained, It was the overall
objectjve of this study to gain insight into some funda-
mental mechaniéms of acoustic emfssion generation, The

specific objectives were the following:

(i) to determine the effect of particle size and
volume fraction on the mechanical properties
and on acoustic emission duriqg the fracture

of particle-filled composites.



(ii) to relate fundamental fracture mechanisms
to the acoustic emission of particle-filled

composites.

First, a brief summary is given of the present state

of knowledge on acoustic emission.

-1.1. Measurement of Acoustic Emission

1.7.1. Instruments Required for the Detection

of Acoustic Emission

Acoustic emission monitoring techniques‘afe active
testing methods in which the acoustic emission signals are
trahsient and generated in conjunction with failure, defor-
- mation or phase transfdrmation processes within a structure.
Sensitive electromechanical transducers are used to detect
strain waves on the surface of the monitored structure.

The response of the transducer to a strain wave (event)
becomes the "acoustic emission" signal which is electroni-
cally processed. It is passed through a first amplifier
which, in addition to amplifying the signals, produces
harmonics of the signal and contributes a great deal of

the system noise]. Therefore, the first amplification is
kept to a minimum and is followed by filtering and reampli-

fying. The signal theﬁ ijs analyzed in a processing unit.



This step will be explained in Section 1.1.2. ' The final .
output is shown on a digital display and/or plotted on a

chart (Fig. 1).

1.7.2. Parameters Used for Measuring Acoustic

Emission

1.1.2.1. Ring-Down Count Method

The number of times the magnitude of the voltage

" (amplitude) in an’acoustic emission event exceeds a thresh-
old value is defined as the ring-down count number for that
event (Fig. 2). The signals are usQa]]y in the form of

' damped sinusoids and the number of ring-down counts, N, for an

event detected by the transducer has been shown to bez:v

YR Vo |

where v is the transducer resonant frequency,
B is the logarithmic voltage decrement,
v is the maximum initial voltage, and

) is the threshold voltage.

The count rate is the ratio of the number of counts to the

time during which they take place.
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The number of counts is influenced by the following

factors:

(i) the geometry Qf the specimen.
(ii) gain (magnitudé of amplification of the signal).
(iii) performance of the amplifiers and filters.
(iv) selected frequency range.

(v) detection thresho]d voltage.

(vi) transducer to specimen bond.

-—

(vii) transducer to source distance.

)
(viii) transducer properties.

The number of counts is not a measure of a fundamental

praoperty.

1.1.2.2. Root Mean Square (RMS) Method

This technique measures the root mean square of the
amplitude of the acoustic signals and is not dependent on
threshold voltage. Used alone it yields information on the
intensity of acoustic emission, but it does not give an in-
dication of the strain energy released in the total fracture
process. Therefore, the RMS method is more suitable for

studying acoustic emission intensity.



Energy analysis is possible by using more sophistitated

equipment and can mean one of the following:

(i) the sum of the squares of the peak emission voltages.
(ii) the area under squared vo]tages on the squared
~voltage vs. time curve. '

(1) I IN(t)V2(t) | (2)

where EAE

N(t) is the count rate,

is the measured energy,

V(t) is the RMS voltage at a time t.
The RMS and energy analysis methods are influenced by the
same variables that affect the ring-down count method with

the exception of the detection threshold voltage.

1.1.2.3. Amplitude Distribution Analysis

The distribution of amplitudes of acoustic emission
events are analyzed. An amplitude sorter, which is respon-
sive only to the peak amplitude of the signal, not to the
ring-downs which tend to obscure the essential data, has
been employed3. The sorter separates the amp]itudes-}nto
different amplitude ranges. For examplie, the Dunegan Endevco

amplitude sorter separates the signals into the following

ranges: 0.05 - 0.5, 0.5 - 50, 50 - 500, 500 - 5000 and



> 5000 mV3. The fraction of the emission population whose

amplitude falls between A and A + §A, where A is the peak

amplitude, is given by the following ke]ation3:
F = n(A + 6A) - n(A) . (3)

where n(A) is the fraction of the emission population whose

peak amplitude exceeds A.

Amplitude distribution analysis is useful for reéog—
nizing specific deformation processes 1n the pfesence of
backgrouﬁd noise. It can -also detect significant changes
in the nature of the deformation or failure mechanism.

This technique becomes very useful, for example, in fibre
composites, where different failure processes.such as matrix
yielding and fibre failure occur. Therefore, amplitude
distribution analysis can complement ring-down count and

RMS measurements.

1.1.2.4. Frequency Analysis

The emission signal is passed into a transient recorder
where the waves are translated into digital form for pro-
cessing by a computer. Fourier transform programs 1nterprét
the data.as a relation between peak amplitudes and wave

2
frequency



This technique can reveal wave frequencies character-
istic of particular acoustic emission sources. Idéa]]y,
major amplitude peaks should occur for sﬁch frequencies.

For example, in fibre reinforced composites, fibre fai]ure
and matrix yielding should exhibit different characteristic
"wave frequencies. It appears that the geometry of the sample
does not always have a pronouncedrinf]uence on the ffequencyA

ana]ysisz.
This method requikes a great deal of instrumentation
and the interpretation of results is complex. Therefore,

it is not as commonly used as the other methods.

1.2. Sources of Acoustic Emission

At present, the following processeé have been identified

as acoustic emission sources:

(i) dislocation g]ide4’5,

(ii) release of dislocation pile-ups from pinning
.4
points ,

(iii) decohesion and fracture of second phases and

of 1nc1usion56—]2,
(iv) release of cracks from pinning poihts]3,

(v) phase transformations]4’]5.
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1.3. Current Research on Acoustic Emission

The major concerns about acoustic emission are related

to its generation, propagation and detection.

~ Attempts have been made to characterize the effect
of microstructure and macroscopic. parameters, such as bulk
stress, strain and toughness, on the generation of acoustic’

‘wavesz’é']z. Other studies have analyzed the change of local

stress and strain fields with time2’13.

Acoustic emission measurements are influenced by the
scattering of waves at structura1 boundaries, sysfem resbngnces
-and attenuation. Energy loss through therhalAeffects, inter-
action with dis]ocations,;interaction with second phases
and microstructural discontinuities cadses attenuation of
the propagating stress wave. The decrease of amplitude due
to the spreading of the wave in space also contributes to
attenuation]G. Attenuation has been expressed as a function
of the dispersion of sound waves and of the absorption of
the waves into the_materia1]7. ‘Because of the numerous

variables involved, very little work has been done on

attenuation.

Attempts. are being made to standardize acoustic emission

measurements so that results obtained using different testing

e} ez e



techniques become comparable. It then becomes possible,

for instance, to compare experiments done with different

2,18

gains s materials and equipment.

11
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2. EXPERIMENTAL PROCEDURE

In this chapter a rationale and a description have

. been given of the se]ection of materials, composite fabri-
cation, material characterization tests, fracture and acoustic
emission experiments. The materials selected were alumina-

filled epoxy and alumina-filled martensitic steel.

The experiments on epoxy composites were divided into
three categories:
1) material characterization
2) fracture tests

3) acoustic emission tests

In the sectiqn dealing with material characterization,
the purpose and procedure of measuring the density, elasticity
and attenuation were given; the data from these tests were
essential to interpret the results from the fracture and

acoustic emission experiments.

Fracture tests consist of double torsion, wedge loading,
and three-point bending tests. Double torsion tests‘were
undertaken for studying fracture and acoustic emission.
However, these tests were abandoned for_reasons explained

in this chapter. To confirm wedge-loading tests, three-point
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bending tests were carried out.

Acoustic emission was monitored during every fracture

test performed.

For alumina-filled martensitic steel only three-point

bending tests were conducted because of experimental difficulties.

2.1. Se]e;tion of Materials

The criteria for selecting the material to be tested

were as Tfollows:

(i) the materials had to have a minimum number of
mechanisms of acoustic emission during fracture.
(ii) the microstructure of the material chosen had to

be easy to control and reproduce.

In order to fulfill these requirements, particle-filled
composites were chosen and the selection of a brittle matrix
and hard filler particles was made. Sources of acoustic

emission, such as dislocation glide, dimple formation, yielding,

and the fracture of particles were thus avoided.
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The material selected as a filler was aluminum oxide,
which is very hard and is available in a wide rangerof
particle sizes. The aluminum oxide used was technical

abrasive grain type W from Carborundum. It was sieved and
separated into the following size ranges: 36-44 um,'55-74 ﬁm,

75-105 um, 106-124 um, 125-149 um.

Zinc and epoxy were initially selected .as matrices.
Zinc was subsequently discarded in favour of martensitic
steel because it waé found that the zinC'compbsite was very
ductile and thus not suitable for brittle fracture tests.
To fabricate the martensitic steel matrix from powder, iron

powder of the following composition was used:

Carbon: 0.105 wt.%
Mn : 0.01 wt.%
Si: 0.10 wt.%

Fe Atomet 28: balance

The source of carbon was Fisher Scientific technical grade

of graphite powder.

v The epoxy was fabricated using the hardener nadic
methyl anhydride (Ciba Geigy 906), the epoxy resin EPON 828
(Shell) and the accelerator triethylamine (Ciba Geigy 6010).
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2.2. Fabrication of Composites

2.2.1. Fabrication of Epoxy Composites

The cycle of mixing and curing used was described by

19

R.J. Crowson and R.G.C. Arridge ”. The matrix material had

- the following composition:

100 parts by weight - Resin Epon 828

90 parts by weight - curing agent nadic methyl
' anhydride -

2 parts by weight. - accelerator triethylamine

The alumina powder was first added to the curing agent.

The mixture was heated to = 40°C and stfrred for 20 minutes.
The epoxy resin was then added and the mixture.was heated
and stirred for 20 minutes. The mixture was left standing
in a vacuum dessicator for'five'minutes. After removing

it from the dessicator the accelerator was added and the
mixture was heated for five more minutes. . The mixture was
cast into a heated mould and rotated at a frequency of

3.5 rev/mfh for sixteen hours at 100°C. To end the curing
process, the temperature was increased to.150°C for one hour
and finally to 200°C for half an hour. The mould consisted
of two aluminum plates and a silicone rubber frame (Fig. 3).

This type of mould allowed heat, and trapped gases to be

Y e
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(a)

(b)

(c)

Figure 3. Epoxy composites mould.

(a) and (c). Aluminum plates.
(b). Silicon rubber gasket.
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released while the epoxy cured. The samples obtained were
rectangular slabs measuring 22 cm x 7.6.cm x 1.3 cm. The
formulas used to ca]cu]ate_the amounts of resin, curing
agent, accelerator, and alumina necessary for achieving a -
“particular VO}ume fraction of filler, Vf, were developed

as follows:

)

A '
vV, = — : (4)
f T
v
SE
1 - v, = =2t _ (5)
£ V.

where VA is the volume of aluminum oxide,
v is the volume of solid epoxy, and

VT is the volume of the composite.

Epoxy shrinks during curing. The shrinkage is approximately

5% of the volume of liquid epoxy (VLE). Thus,

0.95 VLE

f Vo

Substituting volume V with mass density ratio, m/p:
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me = 5,95 'ree(l - V) (8)
where pp = 3.90 gr/cc ¢
PLE T 1.17 gr/cc =
VT = 226 cc ¢

Considering a 1% loss of material during casting:

my = 890 Vf N (9)

e = 28101 - V) (10)

‘From the composition of the matrix (described at the beginning

of this section) the following equations can be obtained:

moesin = 0.521 m (11)
mcuring agent = 0.463 M e (12)
Maccelerator 0.010 M e (13)

2.2.2. Fabrication of Steel Composites

Particle-filled steel was obtained by hot forging a

mixture of graphite, iron and alumina powders. The graphite
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content was 1 wt.% in theliron—graphite mixture. This powder
was enclosed in a steel container, covered with graphite

cups to prevent decarbonization, and heated at 1100 C for

15 minutes. It was then placed in a forging die made of

hot worked steel of a hardness of 50 RC; The loadused fbr
forging was 40 KN and the loading rate was 50 KN/sec. THe
cylindrical forged product had.a diameter of 5.70 cm.and

~a height of 1.55 cm.

The material was then hot rolled at 1100°C. The steel
was covered by graphite during heating. Six passes, each of

approximately 1.5 mm reduction in thickness, were used.

The samples contained volume fractions of alumina
particles from 0 to 0.05. Samples of similar volume fractions
but containing alumina of different grain sizeé, Section 2.1.,

were also made.

2.3. Tests on Epoxy Composites

2.3.1. Material Characterization

2.3.1.1. Density and Particle Volume Fraction

Determination

After casting, the actual volume fraction of alumina

was unknown because particle segregation occurred during
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this process. The density of the cohposites was measured
in order to calculate the void percentage introduced by
the particles. Density values were essential to measure

the volume fraction of the filler.

After a sample was broken, a piece was‘cut,from one
of the fracture faces. The dens{ty of the piece was‘meaSUred
using the water immersion method. Small strfngs of thin
nyion thread wefe glued to the specimen in ofder to suspend
it ‘on an.analytical balance. The sample was dried, weighed,
immersed in water, and weighed again. Density was determined

using the following equation:

p = 2 ) (14)

where o is the sample density,

s
me is the weight of the sample,
(ms)w is the weight of the sample immersed

in water, and

o is the density of water.

Next the amount of alumina in the sample was determined

by the following procedure:

The epoxy composite sample and a porcelain boat were dried

and weighed separately. The boat was again weighed with
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the specimen inside, and placed in the furnace at 550°C for
an hour. Only alumina was left in the container and the

weight of boat and powder together was measured.

f . ms/ps ‘

where MatB is the weight of alumina powder and boat

and mg is the weight of the boat

The density of alumina was measured using a pycnometer.

2.3.1.2. Elastic Constants

Elastic constants were needed to verify the analytical
equations (Sect. 2.3.2.2.) developed for the stress intensity

in wedge loading tests (Fig. 4).

The data required for calculating the modulus of
elasticity were obtained while calibrating the compHance+
of wedge-loaded specimens. The procedure of this experiment
is described in Section 2.3.2.4.

8a3P

E = 3 (16)
H By

+ Specimen deflection per unit load
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(a)

) — —-»-i-Bn‘B(C)

Figure 4. Wedge-loading apparatus and specimen,

(a) Loading fixture, transducer and specimen
front-view, :

(b) Specimen back-view,

(c) Specimen side-view,
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m

where js the modulus of elasticity,

P 1is the 1oad»applﬁed to the sample in
the direction y],A(Figure 4);

a is the crack length,

H is the beam width,

B js the beam thickness,

y 1is the deflection of the two beams in

the direction Y1» (Figure 4).

2.3.1.3. Elastic Wave Attenuation

In order to compare the acoustic emission generation
of composites of different filler content and sizes, it was
'necessary to know the effect of particle volume fraction
on attenuation. The alumina particles might change the
attenuation of epoxy either by increasing the écatter of
the waves or by improving the propagation of the waves*

Therefore, the measurement of attenuation was carried out

on every sample, prior to the fracture test.

In some tests an AE source (pulser) wés fixed at one

end of an epoxy composite specimen measuring 22.0 cm'x 3.7 cm

x 1.3 cm, while a transducer was placed at the other end (Fig.

* During these experiments it was found that
glass had much less attenuation than epoxy

- Y —

5a) .
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(a)

—~

Figure 5. Pulser attenuation tests.

(a) Test for attenuation versus distance.:
(b) Front-to-front attenuation test.
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AE counts were accumulated for periods of one minute of
pulsing. Then, the distance between the transducer and

the pulser Was.reduced in 2.5 cm decrements unfi] the two
were in contact. The same test was done for a glass sample
.of 22.0 cm x 3.7 cm x 0.6 cm for a pulsing period of five

minutes.

A second type of test was conducted with the pulser.
and the transducer placed front to front, separated by

the sample thickness (Fig. 5b).
The equipment used for the attenuation tests was:

(i) Pulser - 908 Dunegan/Endevco
(ii) Wide band transducer, sensitive in the frequency
range 0.2 - 0.8 MHz - D 9201 D/E ‘
(iii) Preamplifier
(iv) Filter
(v) Post-amplifier
(vi) Ring-down counter
(vii) Plotter

(viii) Test pulse generator

Items (iv) through (vi) were contained in the Dunegan Endevco

301 Totalizer. Item (viii) was contained in the Dunegan
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Endevco 920 distributioh analyzer, The functions of ifems
(i1) thfough-(vil were explained in Section 1,1, The’test
generator gives a pulse of +5 volts which is transformed
into a burst of stress waves through the pulser. The pulser

in itself is a transducer,

A total gain of 95 dB was used, Signals which were
not in the 0.1 - 0.3 MHz range were filtered. A threshold
vo]fage of 1 volt was fixed. The gain, frequency range,

and ‘threshold voltage were kept constant.

_2.3.2. Fracturé Tests

2.3.2.1, Double Torsion Specimens

Initially, one of the objectives of this study was to
correlate écoustic emission rates to the values of stress
intensity in slow crack growth tests. Double torsion tests
were chosen because of their simple geometry (Fig., 6) and
because of the independence of stress intensity (K) on the
crack length for this sample. The standard stress intensity

equation 1is the fo]]owingzoz

(17)
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Figure 6.

Double torsion specimen and loading points.
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where P/2 is the total load applied to one bar,

W §s the moment arm, 7
W/2 dis the bar width,

B “is the bar thickness,

B, is the slab thickness in the plane

of the crack,

v is Poisson's ratio,

Two methods were used to measure crack speeds in double

torsion tests:

(i) The load relaxation method, where the crosshead
'disp1acement is kept constant while the crack is
propagating.
(ii) The congtant load method, where the crosshead
speed is kept constant while the crack is

propagating.

The compliance of double torsion specimens can be expressed

with the following equationZ]:

s y = P(Bca + CC) (]8)

where Bc and Cclare constants that depend on the elastic

modulus of the test material and the dimensions of the specimen
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and test device. Differentiating with respect to time yields

the following equation:

(o8
1]

dy (B C) 9P, BP (19)

|

o
t

Thus, for the load relaxation method, the crack speed can be

expressed as:

a

[aB
s}
ad
—

dP
Ef)‘ (20)

ot
N

where a, is the crack length and PiAis the Toad at the onset of
relaxation. For the constant Toad method, the crack speed

is given by the following equation:

1

t B_P : (21)

=3

da _
dt

[«

Procedure: Particle-filled epoxy slabs of'22.0 cm X
7.6 cm x 1.3 cm were grooved through the half width with a
thin diamond saw. A notch of 2.5 cm depth was also cut with
the diamond saw along the same direction as the groove (Fig. 6).
A small cracK was initiated by pressing a razor blade to the
bottom of the notch. The double torsion fixture used is
i]iustrated in Figure 6. The crosshead speed for the experiments

3

was 5.08 x 10°° cm/min.
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Several problems were encountered while carrying out
double torsion tests. One was the difficulty in locating
the crack along the specimen, since the material was not
transﬁarent. A second difficulty was encountered when the
" cracks wandered from the guiding grooves; in this case the
formq]a for calculating stréss intensity could not be applied.
Because of these prob]emé, the double torsion tests were

abandoned and a wedge-loading method was adopted.

2.3.2.2. Wedge-Loading Specimens

A double cantilever beam specimen was.p1acéd between
a wedge and a supporting rod, which was attached to a compression
- Toad cell contained in an Instron testing machiné_(Fig. 4).
The wedge moved into the notch during the test. A wedge of
30° was chosen, as suggested by the work of Hoagland et a122.
The specimens here were the uncracked arms of samples used
for double torsion tests. Epoxy rectangular slabs of 22.0 cm
x‘3.7 cm x 1.3 cm were grooved 2/3 of their total thickness.
The groove made with a thin diamond saw fan along the axis
df the beam. At one end of the groove a notch of approximately
3.5 cm was cut with a thick diamond saw (Fig. 4). At the
bottom of the notch a crack was initiated with a razor b]adé.

The sides of the notch were levelled in order to allow better

contact with.the wedge.
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The analytical expression for the fractuke toughness

of wedge loading tests was developed as follows:

3
g = B2F (16)
H By
.and
= X '
c o= ¥ | (22)

2
_ P%,3C
6 = (X (23)
n
Substituting (16) and (22) 1in (23)
2 2
HBBLE o, |

If it is assumed that the factor (1-v2

the stress intensity, K, is related to G by equation (25)

) 1is approximately one,

Therefore,
2/3 aP ‘
K = (26)
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Since the stress intensity is a function of crack length,
careful measurement of the crack']ength was required.’ To
locate the crack in the specimen, the side opposite the

‘groove was coated with a layer of black, water-proof ink.

The sample was loaded as the Wedge travelled at a
constant sﬁeed of 5.08 x 1073 cm/min. The graph of load
vs. time was recorded. When the crack propagated, the load
dropped; the poSition of the crack on the specimen and the
local maxfmum load on the chart were labelled after crack
propagation with the same number (i). The testing continued
until the sample was completely broken. A sample of the

data'obtainedAfor these tests is in Appendix I.

2.3.2.3. Three-Point Bending Tests

These tests were done in order to confirm the toughness

values obtained in the wedge-loading experiments.

" The rectangu]ar samples of 10.5 cm x 1.4 cm x 1.3 cm
were cut from epoxy slabs with a thin diamond saw. A notéh
ofISO% of the total thickness was made and a crack was
initiated by preésing a razor blade into the bottom of
the notch. A three—point bending fixture was attached to

~a compressive load cell on the Instron (Fig[ 7).
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Figure‘7. Three-point bending specimen and loading points.
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Some of the samples exhibited slow crack growth during
these tests (the crack stopped before propagating through the
whole specimen). In these cases, the maximum load was recorded.

The toughness for these samples is given by the following

equation523:
2 B, |
Y(L/Wg = 8) = 1.107 - 2.120(a/ky) + 7.71(a/w8)2
- 13.5(a/wB)3 n 14.25(a/NB)4 (28)

where L/2 is the distance between loading points,

W is the sample width and

B
Y is a parameter dependent on the specimen dimensions.

2.3.2.4. Compliance Calibration

2.3.2.4.1. Double Torsion Specimens

Calibrating a specimen consists of relating the de-
flection per unit load to the crack length of the sample
and comparing the measurements to the standard equation.
It was performed to verify whether the equafidns developed
analytically for double torsion tests (Section 2.3.2.1.) were
applicable for the experiments carried out 1h this study.
Once the compliance calibration had been completed, the
fracture energy and toughness could be calculated using
Equations 23 aﬁh 25. Compliance calibration also permits

the calculation of crack velocities for theseAsamples.

el e
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In order to perform compliance measurements, a notched
("cracked") sample was loaded and the graphs of deflection
vs. time and load vs. tihe were reéorded for a particular
crack length. Then, the length of the notch was increased
and this process was repeated until the length of the notch
wés 2/3 of the total length of the specimen. After‘obtaining
the compliance for six different crack lengths, the“Sample
was considered calibrated. For each.hotch length, using
linear regression analysis, the relation of.def1ection and
load was appfoximated as a linear function. The slope of
the line was the compTiance of the sample for the pértiﬁu]ar
notch length. Graphs were made with the compliance plotted as

a function of the crack length.

The def]ectioh of the sample was measured with a linear
voltage differential transducer (LVDT). Deflections of
loads up to 534 N were recorded for the different notch

Tengths tested. The notches were made with a thin diamond

Saw.

2.3.2.4.2. MWedge-Loading Specimens

Compliance calibration of wedge-loading specimens was
performed for the same reasons it was carried out for double
torsion samples. The compliance test made possible the cali-

bration of grooved specimens when the analytical solution

" F—
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was difficult. Once the calibration was done, using the
elastic modulus of the material, fracture toughness was.

calculated.

Procedure: Two cross-marks were made on the sample
wifh a razor blade. While fhe fracture test was being con-
ducted and the wedge penetrated theAnotch, the deflections .
"of the cross-marks were measured using a travelling miéro-.
scope. ‘After the crack was located and marked.on the‘speci-
men, the Instron crosshead was stopped and the 1oad'and de-
flection were recorded. The method of obtaining compliance

vs. crack length graphs was the same as in Section 2.3.2.4.1.
The compliance of a sample with a crack length of
2.5 cm was obtained with and without a groove to measure

the effects of the side groove on the calibration.

2.3.3. Acoustic Emission Tests

A D 9201 A D/E transducer was attached to the double
torsion, wedge-loading, and three-point bending specimens’
while performing fracture tests (Figs. 4, 6 and 7). Teflon
tape was wrapped around the samples and/or fixture where
there was contact between the specimens and the fixture.

A total gain of 95 dB was used. Signa1s~which were not
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in the 0.1 - 0.3 MHz range were filtered out. A fhresho]d
voltage of 1 volt was fixed. The gain, frequency range,
and threshold voltage were kept constant for evefy fracture
test. Graphs of acoustic emission vs. time were recorded_i
on the charts attached to the acoustic emission equipment.
In the wedge-loading tests, after crack propagation the

same number (i) was used to designate:

a) the AE counts on the AE vs. time chart,
b) the local maximum l1oad on the load vs.
time chart,

c) the position of the crack on the specimen.

2.4, Tests on Steel Composites

2.4.1. Fracture Tests

Milling machines could not be used for producing samples
from the steel composite slabs because the alumina in the
material caused severe tool wear. Three-point bending
specimens were chosen because of their simple preparation:
involving a minimum amount of cutting. Also, the hot-rolled
slabs yie]ded a maximum number of specimens when beams were

used. The samples were cut into pieces of 7.5 cm x 0.6 cm

x 0.25 cm, using a thin diamond saw at a speed of 10'3 m/min.
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In order to estimate the austenizing temperature of
“the composite, its carbon content was determined using a
Leco Ana]yzer; Carbdn contents were found to be in the
range 0.52 - 0.66. The samples were surface-ground to
eliminate surface'sca1es.' To get a homogeneous mértensitic
matrix, the specimens wére austenized at 860°C and water-
quenched. Grooves of 50% depth were made bn the sample
(Figl 7); A thfeé-point bending fixture, attached to a
compressive load cell on the Instron, was hsed. A cross-

3_cm/min was maintained to break

head speed of 5.08 x 10~
the samples. The maximum loads were recorded. Equations

27 and 28 were ‘used to calculate the fracture toughness.

In order to test the consolidation of the iron powders
during hot forging and hot rolling, one of the samples was

broken by impact at liquid nitrogen temperatures.
Some of the specimens were coated with gold to aid
in examihing the fracture surface using the Scanning Electron

Microscope and the X-ray energy dispersive analyzer.

2.4.2. Acoustic Emission Tests

A D 140 B D/E transducer was fastened to one side of

the sample (Fig. 7) using the device shown in Fig. 8. The
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Figure 8.

Fixture used for attaching transducer to
martensitic steel composite specimens.



gain, frequency range, and threshold voltage used were

the same as described in Section 2.3.3.

40
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3. RESULTS AND CALCULATIONS

The results and the trends of the data obtained from
_the tests conducted in the study are reported in this chapter,
The order followed for presenting the data is similar to that

followed for describing thé experimental procedure,

The results and calculations from the experiments on

epoxy composites were divided into three categories:
1) Material characterization.
2) Fracture data.

3) Acoustic emission data.

Only fracture and AE results were presented for the

martensitic steel composites.

3.1. Tests on Epoxy Composites

3.1.1, Materijal Characterization

3.1.1.17. Density and Particle Volume Fraction
Determination

The densities and particle volume fractions of the
fractured samples are listed in Table I, The density of

alumina was determined as 3,990 g/cm3 using pycnometers,



JABLE 1

Densities and Volume Fractions of Alumina-

Filled Epoxy Specimens

Aver‘age+ Alumina Densitg' Alumina Volume Fraction
Particle Size (um) (gr/cmd)
- 1.22 0.000
- ‘ : 1.22 0.000
40 1.24 0.006
" 1.48 _ 0.090
" 1.76 0.128
50 1.26 . 0.013
" .1.29 0.025
" 1.32 0.037
" 1.45 0.087
" 1.58 0,132
" ] 1.61 0.140
65 1.33 ‘ 0.038
" 1.34 0.042
T . 1,35 0.045
" 1.44 - 0.077
" . 1.45 0.083
Y 1.48 0.093
! 1.55 0.121
" > 1.56 0.124
" 1.58 1.130
" 1.75 - 0,191
" 1.76 " 0.194
" N 1.77 0.200
" 2,00 0.288
" 2.01 0.288
" 2.01 0.287
! 2.14 0.337
" 2.14 0.336
90 1.24 0,007
" 1.34 0.042
" 1.58 0.134
" 1.74 0.189
" 1.75 0.195
" 1.85 0.230
" 2,08 0.314
" ’ 2.17 0.378
115 1.27 0.096
" 1.30 0.025
" 1.44 : 0.076
" 1.47 0.093
128 1.44 0.078
" v 1.51 0.106
137 1.23 0.00
" 1.23 0.003
" 1.28 0.021
" 1.29 0,025
" 1.31 0.031
" 1.32 " 0.034
" 1.73 0.186
" 1.93 0.258
N ’ 1.93 0.260
" 2.00 0.281
" 2,07 0.309
" ' 2.44 0.444
" 2.59 0.499

+ The average alumina particle size was obtained by averaging the
highest and lowest particle size in a determined range.
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The density of the composites, as expected, increased
with incfeasing alumina volume fraction, The density of

bubble-free material (pI) was then calculated according to: .

pI = prA + (.I - Vf)pE ’ (29)

and was found to be in agreement with the measured values to
the second decimal place. Therefore, it appears that the

material was bubble-free. Fracture surface analysis con-

firmed this observation.

3.1.1.2, Elastic Constants

The compliance (C) of wedge-loaded specimens is a cubic

function of the crack length (a):

3
y - Ba (16)
BHYE
and
y =
5 C (22)
Therefore, |
8a3 -
BHYE :

The program P:2R of the Biomedical Computer Programs P-series,

which utilizes linear regression analysis, was used in order
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to obtain a linear function between the measured compliance

and a3;

C = a4 b | (31)

" The values of b were negligible, thus

a4a 3 (’32)

it follows that

E o= —3 | (33)

The elastic moduli (as calculated from Eduation 33) for com-
‘posites of different particle sizes and filler volume fractions
are listed in Table II, Figure 9 compares these results with
theoretical predictions for these composites. ‘This topic will

be dealt with in detai] in Chapter 4,

The elastic modulus increased with the alumina volume
fraction, but it was independent of particle size (Fig. 9).
The same trends have been observed by other investigator524’25’26.

A scatter band of elastic modulus values can be observed

(Fig. 9).



TABLE 11

Elastic Constants of Alumina-Filled Epoxy Specimens

- Average Alumina Particle

Volume Fraction of

Elastic Modulus

Size (um) Alumina (GPa)
- 0,000 4,344
50 0.013 4,409
" 0.025 5.428
" 0.037 3.677
" 0.087 3.726
" 0.132 5.345
" 0.140 . 8.975
.65 0.038 2.568
" 0.083 5.740
" 0.121 6.995
" 0.194 4,539
" 0.287 11.649
" 0.337 10.775
90 0.007 4,762
" 0,042 2.320
" 0.134 4,720
" 0.189 4,628
" 0.195 5.842
" 0.230 " 6,738
" 0.314 8.744
" 0.378 9,733
115 0.010 3.873
" 0,025 4,397
" - 0.076 4,090
" 0.093 5.707
128 0.078 4,324
" 0.106 3.502
137 0.003 4,153
" 0.021 5.739
" 0.025 4,305
" 0.186 6.487 .
" 0.258 7.337
" 0.260 - 7,831
" 0.444 "12.559

45
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3,1.1.3, Elastic Waye Attenuation

The graph‘of AE counts versus the transducer to pulser
distance for epoxy and'g1ass is shown in Figure 10. Epoxy
.has a much greater inherent attenuation than glass, but the
attenuation is relatively insensitivé to the distance between
source and detector, The shape of the curve is about‘the same

in both cases and other tests indicated that it is sensitive
to the shape of the specimen, To interpret the results, the
graph was approximated fo a linear function, applying linear
regression analysis, A graph of such a function is illustrated
in Figure 10, The linear equations are listed in Table III.
The effect of the volume fraction and particle size of alumina
on the calculated slope and on the y intercept is illustrated
in Figures 11 and 12, respectively. A significant decrease

in the slope of the lines was observed as the alumina volume
fraction increased. However, there is no apparent effect of
particle size on the slope., The y intercept seems to be in-
dependent of the volume fraction and the particle size of the

alumina,

The results of front-to-front attenuation tests-are
summarized in Table IIT and illustrated in Figure 13, In
these tests, the number of counts appears to be independent

of the volume fraction and the particle size of alumina. The
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TABLE TII
Linear Equations for Counts Versus Distance Pulser Tests

and Results from Front-to-Front Attenuation Tests

Average Volume Linear Regression Correlation Results of
Alumina  Fraction Analysis Coefficient : Front
Particle of Equations r to Front
Size Alumina AE = SLO-d + YINT Attenuation Tests
(um) (counts) (counts)
- 0,000 -22140 x d + 3500, 0.96 3500,
50 0.013 -21280 x d + 3700. 0.98 3260,
. 0.025 -18240 x d + 2860. 0.99 3820.
! 0.037 -20470 x d + 3470, 0.95 2800,
" .0.087 -26780 x d + 3560, 0.97 3000,
" 0.132 -19280 x d + 3250. 0.99 3550,
" 0.140 -13890 x d + 3430. 0.98 3900.
65 0.038 -19660 x d + 3640. 0.92 3000,
" 0.083 -28840 x d + 4420. 0.88 3630.
" 0.121 -24860 x d + 3630. 0.98 3860.
" 0.194 -11090 x d + 2900, 0.95. 3280.
. 0.287 -15150 x d + 3830, 0.99 3260,
. 0.337 -12700 x d + 3100, 0.91 3220.
90 0.007 -22430 x d + 3650. 0.98 3100.
" 0.042 -22350 x d + 3460. 0.98 2790,
" 0.134 -21620 x d + 3360. 0.98 3210.
" 0.189 -13340 x d + 3510. 0.93 4410,
" 0.195 -12160 x d + 3030. 0.88 3870.
" 0.230 -15420 x d + 3510, 0.92 4130,
; 0.314 -15570 x d + 3150, 0.96 2640.
" 0.378 - 8070 x d + 3100. 0.86 3280.
115 0.010 -26790 x d + 3970. 0.94 3390.
" 0.025 -25740 x d + 4190. 0.96 3280.
" 0.076 -18750 x d + 3150. 0.97 3690,
" 0.093 -23290 x d + 3590. 0.97 3580.
128 0.078 -21030 x d + 3560. 0.98 3530.
. 0.106 -19210 x d + 3050. 0.96 3100,
137 0.003 -17890 x d + 3690. 0.88 3260.
" 0.021 -18880 x d + 3010, 0.95 3470.
" 0.025 -20080 x d + 3370. 0.99 2780.
" .0.186 -15370 x d + 3900, 0.90 3360.
o 0.258 -13580 x d + 3340. 0.96 4070.
" 0.260 -18580 x d + 3620. 0.94 3530.
" 0.444 -11640 x d + 3520. 0.85 3420.
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number of counts in front-to-front tests fell within the

same range of values as the y intercept in Table III. This
seems to indicate that for short distances the differences
in atfenuation for different microstructures are not large

enough to be detected with the testing equipment,

3.1.2, Fracture Tests

3.1.2.1. Double Torsion Tests

The epoxy and the composites tested did not exhibit
slow crack growth. Very few toughness values were obtained
in the double torsion tests because of the experimental
difficulties which were encountered (Section 2.3.2.1.). A
summary is given in Table IV. Thus, no conclusion can be
drawn from these tests regarding the effect of particle size
and volume fraction on fracture toughness, However, the
toughness values from the tests were compared with those
obtained from other fracture tests and generally good agree-
ment was found., The double torsion values were also in good

27 for

agreement with results published by Beaumont and Young
low volume fraction silica-filled epoxy fractured in double

torsion tests,



TABLE IV
Fracture Toughness of Epoxy Composites.

Double Torsion Tests

Average Alumina Volume Fracture
Particle Size Fraction of Toughness
~(um) ' Alumina (MPavm)

50 - S 0.014 0.84

50 0.025 0.90

90 0.035 , - 1.18

g0 0.101 1.23

137 ‘ 0.014 | 0.69

137 0.022 0.78
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3.1.2.2, MWedge-Loading Tests

B Figure 14 shows the 1oad to failure versus time,; during
wedge-loading tests, for pure epoxy and for two epoxy com-
posites. One of the composites had a volume fraction of
0.45 and.an average particle size of 137 um. The second
composite had a volume fraction of 0.34 and an average par-
ticle size of 65 um, The load to failure increased with

increasing alumina volume fraction,

Listed in Table V are the experimental fracture energy
(GE) and experimental fracture toughness (KE) of the different

;omposites fractured in wedge-load testing.

Figure 15 illustrates the effect of volume fraction
of alumina on fracture toughness for composites of differing
~average particle size. Both ffacture energy and toughness
increased with increas{ng alumina volume fraction but did
not seem to be affected significantly by the average particle

size of the alumina.

3.1.2.3, Three-Point Bending Tests

Table VI contains values of fracture toughness for the

different specimens used in three-point bending tests. These



NEWTONS.

LOAD ,

250

200

150

100

(&)
O

56

| l ' | |
A =0.
\% Ve = 0-446
- A _PARTICLE SIZE, I37ptm. B
\
L
\aa
‘A
)
A A_pd
ApS o
0o Vf =0-340
0
"}, PARTICLE SIZE , 65p1m.
~
L°-g°
s km.o B
00 m— 00 S
PURE EPOXY OO %00
q8L~-20 a
m o/ u.,/?,.a.u.—-—n_/—- u\/mD-UvD-ﬂ
! J 1 : l
0 20 40 60 80 100

TIME , MINUTES.

Figure 14. Load versus time curve during wedge-loading

test of specimens of different compositions.

120



TABLE V
Experimental Fracture Enefgy and Experimental

Fracture Toughness of Wedge-Loading Tests

Average Alumina Average Average
- Alumina Volume Experimental - Fracture
Particle Fraction Fracture Energy
Size ‘ Toughness
(um) . - (MPavm) (N/m)
- ' 0.000 0.97 =+ 0.1 220, = 30,
50 . 0.013 1.04 + 0,1 250, + 50.
" ‘ 0.025 1.54 + 0,1 470. = 200,
" : 0,037 ' 0.97 + 0.1 260, + 70.
8 0.087 1.15 = 0,1 360. + 90,
. 0,132 1.48 + 0,1 410, = 40.
" 0.140 2,33 £ 0.4 620. = 200.
65 0.038 0.75 + 0,2 230 =+ 100.
" 0.083 1.37 £ 0.1 330. = 40,
" 0.121 1.89 + 0.1 590. + 50,
" 0.194 1.40 = 0.1 430. £ 70.
! 0.287 _ 3.09 + 0,2 820. + 180.
! 0.337 2.83 + 0.3 750, + 180.
90 0.007 1.02 + 0,1 220, = 50,
" 0,042 0.70 + 0.1 210, = 30,
. 0.134 1.31 £ 0,1 370, + 70,
! 0.189 1.45 + 0,2 - 460, = 70.
! 0.195 1.72 + 0,1 510. = 100.
" 0.230 1.66 £ 0.2 410, + 80,
! 0.314 2.38 =+ 0,1 650. = 90.
" 0.378 2.58 + 0.2 690. + 60,
115 0.010 0.79 £ 0.1 160, + 20.
" 0.025 0.92 + 0.1 200. = 70.
" 0.076 1.04 + 0.1 270. + 40.
" 0,093 1.36 £ 0,1 330. = 30.
128 0.078 1.10 £ 0,1 280. = 50,
" 0.106 1.09 £ 0.1 340, + 80.
137 0.003 0.69 = 0.1 120. + 50,
" 0.021 1.19 £+ 0,2 260. +.100,
" 0.025 0.91 = 0,1 200. =+ 50.
" 0.186 1.50 + 0,2 350. = 90,
" 0.258 2.15 0,2 630. = 160
" 0.260 1.85 + 0.2 440, + 90.
+ 0.3 + 90.

" 0.444 3.72 1110.

R e
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TABLE VI
Fracture Toughness of Epoxy Composites.

Three-Point Bending Tests

Average Alumina Volume - Fracture
Particle Size Fraction of Toughness
(um) Alumina (MPavm)
- 0.000 - 0.43
- 0.000 1.03
65 0.042 0.71
! 0.045 1.35
" 0.077 1.12
! 0.093 1.12
" 0.124 1.01
! 0.130 1.54
! 0.201 1.56
" 0.289 1.63
! 0.289 1.42
" 0.333 1.79
137 0.001 - 0.50
! 0.001 - 0.89
. 0.031 1.19
" 0.034 0.73
" 0.282 1.35
. 0.310 1.38
" 0.500 1.91
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tests, like the wedge-loading tests, showed that the toughness
increased with alumina volume fraction and that it was not
significantly affected by particle size. Fracture toughness
versus alumina volume fraction for wedge-loading and three-
point bending tests is shown in Figure 16 for specimens with
‘an'average particle size of 64 um. Figure 17'presénts the re-
sult for material with an average.part1c1e'size of 137 um for
double torsion, wedge-loading and fhree-point bending tests.
Thevdifferent types of loading tests yielded Qery similar
fracture toughness values for low a]umina'vo]ume fractions.

At hﬁgh volume fractions, where subcritical crack growth was
observed in three-point bending tests, wedge-loading tests
yielded higher toughness va]ueé. No satisfactory explanation
was found for the disagreement between the toughness values

resulting from wedge-loading and three-point bending tests.

3.1.2.4. Complfance Calibration

3.1.2;4.1. Double Torsion Specimeng

A summary of the compliance calibration results for

- double torsion specimens is given in Table VII. Experimental
and> calculated compliance values versus notch 1ength.are
illustrated in Figure 18. .Experimental and calculated com-
‘pliance values are linear functions of notch length, as

expected for a constant moment specimen. The calculated
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TABLE VIT

Summary of Compliance Calibration Results for Double Torsion Specimens

Vf = 0,003 Vf = 0.122 Vf = 0.340
Average Particle Size: Average Particle Size: Average Particle Size:’
137 um 65 um 65 um
Linear
Regression -6 -7 -6 -7 -6 . -7
Analysis 6.53 x 10 "a + 3.8 x 10 5.06 x 10 "a + 3.3 x 10 2,77 x 10 "a + 1,19 x 10
Equations: i
=Y =
C D Ba + D
No. of data
Points 6 6 6
Correlation
Coefficient .
r 0.99 0.99 0.98

¥9
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20,

compliance was obtained using the fo]]oWing equation

'mea(] + v)

C = - 3 ) (34)
WB™E '
‘where v = the Poisson's ratio, was approximated to 0.3,
E = the elastic modulus determined in wedge-

loading tests. (The composition of the sample
was approximately the same as tha% of the

sample in compliance calibration).

This relation assumes that there is no displacement at the
loading points for a (crack length) equal to zero. The dis-
crepancy between calculated and empirical compliance is

"probably due to this assumption,

3.1.2.4.2, Wedge-Loading Specimens

To express the compliance as a function of crack length,
empirical curve fitting was done by a computer+. A cubic
- function was selected for curve fitting for two reasons.
First, the analytic equatioﬁ for compliance in a non-grooved

sample is:

[0.o]
[sT}

C = —5= (30)

[e9)
X
m

+ The program P: 2R of the Biomedical Computer
Programs P-series was used.
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and second, after a trial run, the empirical values had a
correlation coefficient of ,99 with the experimental com-
pliance values, The empirical equation for compliance

became:

c = aq + 0y Xy + @yXy + G gXq (35)

n
o))

~where @, = fitting parameters and Xn

In most of the equations aq and @y were equal to zero,

In Figure 19, the empirical, the analytical and‘the
experimental compliance are graphed, each as a function of
‘crack length., The agreement of the three compliance curves

is significant.

Since the analytic compliance is calculated for a non-

28

grooved sample, Hoagland suggests the use of a correction

factor for calculating the fracture energy of grooved samples.

This factor accounts for the changed moment of inertia because
I 1/3
of the presence of the groove. The correction factor is (TR ) .
. sg

t

where Is is the moment of inertia of a grooved sample.

g
Ip is the moment of inertia of a non-grooved sample

s is one half of the groove depth,
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I 3 3
fg - [% tan 8, [4 - %;] 41 - % tan ®17 - 12
P
2
(l _ S tanse [ 2 s2 tanze)
2 H 3 BHZ
I . ] (36)
1 - S tan 6
BH
where, 6 is the wedge half angle.
Thus, the corrected fracture energy, Gco; is:
- ; 1/3
6o = S(I/T¢0) (37)

The correction factor for wedge-loading samples was found
to be < 2%. The experimental compliance of a non-grooved
sample, having a notch length of 2.5 cm, remained the same
‘after a groove 2/3 of the sample thickness wa§ introduced,
The 1ow correction factor and no apparent effect of the
existence of the groove on the compliance explains the

agreement between the calculated and experimental values.

3.1.3. Acoustic Emission Tests

AE per arealis reported here, since the number of AE
‘counts depends on the size of the area broken in the specimen.
In double torsion specimens the crack was hardly visible,
Therefore, the data presented here are only from wedge-‘

loading and three-point bending tests.
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3,1.3,1, Acoustic Emission from Wedge-Loading

Tests

The AE counts accompanying the wedge-loading tests
(Figure 14) are plotted versus time in Figure 20, By com-
paring the two figures it is found that each inflection on
the loading curve can be associated with ah AE burst. The
- magnitude of AE increases with the size and volume fraction

of particles (Figure 20).

Table VIII summarizes the AE results from wedge-loading
tésts. The average AE per unit area was calculated by averaging
the AE per unit area of all the crack jumps, which occurred |
'during the fracture of the sample, Figure 21 illustrates
the effect of volume fraction of alumina on tota] AE per
unit area for composites of differing average particle size,.
Figure 22 shows average AE per unit area as a function of
volume fraction for composites of differing particle size.
Total AE per unit area and average AE per unit area increased
initially as the alumina volume fraction increased. Then,
at a higher volume fraction, total AE per unit area and
éverage AE per -unit area dropped, except for the compbsites
of 137 um particle size where it appeared to reach a plateau,
For any volume fraction total AE per unit area and average

AE per unit area increased for larger particle sizes.



71

60 | I | [ T
(0p) A
= / V. =0-446
5 50 ot _
8 __ PARTICLE SIZE,I37£m.
o
g2 A
X 40} |
5
n | /A
2 30 _
= A
L / Ve £0-340
O A PARTICLE SIZE,65um.
20 A —_ o _
-) A
S A |

[ T

< N

10 - A oI _

K,
A PURE EPOXY
A' @ OQOH:_:n o-o.go—o-a
O Roeiels i_d,.gaq,-%——'ﬂ—-—-ﬂ— - ] l

O 20 40 60 80 100 120

TIME , MINUTES.

Figure 20. AE versus time curve during wedge-loading tests
of specimens of different compositions.



TABLE VIII

Summary of AE Results from Wedge Loading Tests

Average Volume Total Acoustic Average Acoustic Emission
Alumina Fraction Emission per Unit per Unit Fractured Area
Particle of Fractured Area
Size Alumina 7 2 7 ' 2
(um) (10" x counts/m"~) (10" x counts/m"~)
- 0.000 0.4496 0.4237
40 0.006 0.2710 0.5930
" 0.091 0.9043 1.8730
! 0.129 1.7069 2.0775
50 0.013 0.8529 0.8671
" 0.025 0.2061 0.5600
! 0.037 1.4261 2,2160
! 0.087 3.5355 3.4724
! 0.132 0.5936 0.7129
o 0.140 1.3424 2.1261
65 0.038 7.0536 7.4424
! 0.083 4.6024 6.2435
! 0.121 7.9932 8.6685
" 0.194- 4,2072 4.6237
" 0.287 2.0314 2.1154
! 0.337 3.0960 1.8655
90 0.007 0.3820 0.5697
" 0.042 0.1575 0.1765
. 0.134 3.5319 3.2585
. 0.189 7.8488 7.8110
. 0.195 8.3210 9.0380
" 0.230 12.4906 11.6548
8 0.314 4,0795 2.8995
" 0.378 4,3055 2.3474
115 0.010 3.2374 3.3200
. 0.025 2.1288 2.7618
! 0.076 8.6490 7.9142
! 0.093 9.1538 9.6891
128 0.078 5.5108 5.7799
. 0.106 7.7890 8.9662
137 0.003 0.6103 0.8192
. 0.021 0.8937 1.0541
" 0.025 5.7702 5.4341
" 0.186 16.4538 17.8205
" 0.258 21.7427 22.0946
. 0.260 14.7361 16.2253
! 0.444 14,0995

14,5145
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In most wedge-loading tests, the crack followed the
groove. However, in a number of specimens the crack deviated
from the groove at a short distance from the notch, The test
~was stopped when this happened, and only the AE of the part
of the test in which the crack followed the groove was re-
corded, Since attenuation is somewhat dependent on the AE
source to transducer distance, an attempt was made to correct
- the AE count for the position of the crack, The following

approximation was used:

. Yy ‘

AEMOD = AE(l - —- (LT - a)) (38)

where, AEMOD is the AE at zero distance from the transducer,
a is the crack length,

YINT and SLO are the y intercept and the slope, respectively,

of the AE attenuation lines (Section 3.1.1.3) and

L is the length of the specimen.

T
The shape of the curves of AEMOD did not differ significantly
from the graphs in Figures 21 and 22, Therefore, the data

for AEMOD were not included.

3.1.3.2. Acoustic Emission from Three-Point

Bending Tests

In most of the specimens used in three-point bending

tests the crack propagated in one jump., Therefore, only

S ——
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total AE per unit area was calculated, Table IX contains
the AE per unit area for the different specimens used in

these tests, The AE data have a large scatter.

In wedge-Toading tests an average AE per unit area
was calculated by averaging.the AE per unit area of all the
crack jumps that occurred during the fracture of the sample,
- In wedge-loading tests standard variations of up to the
.same magnitude as the average AE per unit area were cal-
culated, When only one AE burst was analyzed, as in three-

point bending tests, the AE per unit area calculated represents

a much smaller sample.

3.1.4, Fractography of Alumina-Filled Epoxy

Composijtes

Sections of the fracture surface of pure epoxy were
covered with fibrils, particu}ar]y in the sites where the
crack had been arrested. The fibrils ran perpendicular to
the crack arrest marks (parallel to direction of crack advance),
Figure 23, Figure 24 shows a section where the fibril was
initiated. The regions which appeared macroscopically smooth,
at higher magnification seemed to have an uneven texture,
Small cavities, 1 um wide, could be seen in the fibrils,

(Figure 25),



TABLE IX
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Summary of AE Results from Three-Point

Bending Tests

Average Volume Total Acoustic Emission Total Acoustic Emmission
Alumina Fraction per-Unit Fractured
Particle of Area
Size Alumina : 7 9
(um) (counts) (10" x counts/m")
- 0.000 880. 1.0672
- 0.000 330. 0.2672
90 0.042 425. 0.4522
" 0.045 317. 0.3563
" 0.077 949, 1.1152
" 0.093 500. 0.5512
! 0.124 230. 0.2849
. 0.130 - 220. 0.2398
. 0.201 709. 0.8083
! 0.289 1173. 1.2468
" 0.289 900. 0.9119
. 0.333 1200. 1.4215
137 0.001 581. 0.6569
" 0.001 - 564, 0.6153
" 0.031 310. 0.3389
. 0.034 550. 0.6099
" 0.282 5500. 6.6951
" 0.310 + -
" 0.500 39900. 46 .5686

+ Qut of scale



Figure 23.

Figure 24.

120 um
Scanning electron micrograph (SEM)
of unfilled epoxy.

Enlargement of Section A in Figure 23.
Unfilled epoxy.
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Figure 25.

10 um

Enlargement of Section B in Figure 23.
Unfilled epoxy.
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Figures 26a through 26d show the effect of particle
size and volume fraction on the fracture\surface. In Figures
26a, b énd c, marks Tndicating'crack—partic1e interactidn are

present., For a large volume fraction,‘0.44, such marks can
not be seen (Figure 26d). Composites of large particle size
.exhibit secondary cracking even at low volume fractions

(Figure 26b).

'The.surface of the alumina bartic]es was imprinted in
the epoxy matrix (Figures 27 and 28)., Figure 28 shows cavities
resulting from the separation df aTumina particles from the
epoxy matrix. Pieces of epoxy were present on the surface
of some alumina particles, Figure 29, Using X-ray energy
'spectral analysis, it was found that pieces of alumina

particles fractured during wedge-loading tests (Figure 30).- 

3.2. Tests on Steel Composftes

3.2,1., Fracture Tests

Table X contains values of fracture toughness for the
bdifferent specimens used in three-point bending tests. For
an alumina Vo]ume fraction of 0.01, the fracture toughness
appeared to decrease with increasing particle size. However,
for an a]uminé volume fraction of 0.05, the tdughness values

did not follow this trend. Therefore, tHe.]ack of a distinct
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l170 um |

Figure 26. SEM of alumina-filled epoxy.
a. Average particle size: 50 um.
Vg = 0.013

Figure 26. SEM of alumina-filled epoxy.
b. Average particle size: 65 um.
Vg = 0.194
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Figure 26. SEM of alumina-filled epoxy.
c. Average particle size: 137 um,.

Vf = 0.186

420 um
e

Figure 26. SEM of alumina-filled epoxy.
d. Average particle size: 137 um.
Ve = 0.444
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20 um
Ly

Figure 27. SEM of alumina-filled epoxy exhibiting

particle pull-out. Average particle

size: 50 pm. Vf = 0.013

85 um
S aniie
Figure 28. SEM of alumina-filled epoxy exhibiting

particle pull-out and embedded particles.
Average particle size: 137 um. Vf = 0.186.



Figure 29. SEM of alumina-filled epoxy. ©Epoxy can
be seen on the surface of the alumina
particle. Average particle size: 137 punm.
Vf = 0.186.

10 pum
oy

Figure 30. SEM showing a small alumina partic]g.
Average particle size c¢cf the composite:
137 um. Ve = 0.186.
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TABLE X
Fracture Toughness of Alumina-Filled Martensitic Stee]s..

Three-Point Bending Tests

Average Alumina Volume Fraction Fracture Toughness

~Particle Size (um) of Alumina : (MPavm)
- 0.000 36.16
- 0.000 | ' 49.29
50 0.0 | 21.52
" 0.0 - 38.53
" 0.01 38.37
" 0.01 ' 44.58
65 0.01 43.37
" 0.01 - : 25.90
0.01  32.88
" 0.01 34.65
n 0.01 . 29.64
90 0.01 23.88
" 0.01 - - 23.95
" 0.01 : - 24.57
" 0.01 20.08
" 0.01 25.15
" 0.01 _ 25.79
" 0.01 . 25.13
" 0.01 28.93
137 0.05 34.07
o 0.05 26.16
n 0.05 ~31.05
" 0.05 24.71
" 0.05 | 27.05
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'pattern for all the resu]ts does not allow for conclusions,
The bluntness of the crack in the samples, the varying com-
position and the changing microstructure of the fabricated
specimens could all have'contribufed to the large 3catter

in the results.

3.2.2. Acoustic Emissidn Tésts

'Table X1 éontains the AE per unit area during cracking
for-the different specimens used in three-point bending tests,
The dnconsistency of the results does not permit a correlation
to be made between AE and the composite microstructure, The
AE testvwas,unre11ab1e because only one AE burst was
measured (Section 3.1.3.2.) and the composition could not
be controlled. 'Both factors could have contributed to the

'scatter.

3.2.3. Fractography of Alumina-Filled Martensitic:

Steel Compositeé

‘The original iron powders are shown in Figure 31.and
the surface of é fractured composite is represented in
Figure 32. From the electron scanning microgfaphs; the
grain size of the steel matrix was estimated to be 4-13 um,

Thereforé, it is evident that the cracks propagéted through



TABLE XI
Acoustic Emission of Alumina-Filled Martensitic Steels.

Three-Point Bending Tests

Average Alumina "Volume Fraction Acoustic Emission per Fractured
Particle Size (um) of Alumina “Area (109 counts/m?) .

- 0.000 1.179

- 0.000 3.004

50 0.010 14.246

! 0.010 3.292

" 0.010 10.675

" 0.010 4.163

65 0.010 3.729

! 0.010 7.331

" 0.010 4.002

" 0.010 6.090

" 0.010 2.194

90 0.010 1.654

! 0.010 7.722

" 0.010 8.409

" 0.010 11.593

! 0.010 4.443

" 0.010 2.707

! 0.010 3.939

. 0.010 3.200
137 0.050 5.706

! 0.050 9.187

" 0.050 6.905

. 0.050 9.039

" 0.050 10.580 ’




Figure 31.

Figure 32.

SEM of martensitic steel composite
exhibiting intergranular failure.
Average particle size: 50 um.

Ve = 0.01

90
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the original steel powders, The composite.which was fractured
at liquid nitrogen temperature exhibited both transgranular

and intergranular failure (Figure 33). This low temperature
test further confirmed that the iron powdefs had consolidated
'durTng hot forging and hot rolling and that therefore the cracks

travelled through the steel powders rather than around them.

Particle decohesion from the matrix seemed to occur
in some- of the contact zones betwéen the matrix and the
particle (Figure 34)., Nevertheless, bonding appeared not
to have taken place over the entire particle surface area

(Figure 34).

Extensive areas of the fracture surface exhibited
dimples (Figure 35)., After observing dimple zones, three-
point bending tests were abandoned since the dimples could

have masked the effect of the alumina particles on AE.
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5 um
. F__JL__ﬂﬁ

Figure 33. SEM of martensitic steel composite

fractured at liquid nitrogen temp-
erature. V¢ = 0.000

,jéxlti.\‘ i

N L

: P ’
o SNy T Se Ll B
g N /\ Y 3

1

%

'K‘;-- <A(f¢&&

Figure 34. SEM of martensitic steel composite
exhibiting a region of particle de-

cohesion. Average particle size: 40 um.
V. = 0.8l



Figure 35.

|15uml

SEM of martensitic steel composite
exhibiting dimples. Average particle

size: 40 um. Vf = 0.0]1
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4, ANALYSIS OF RESULTS AND DISCUSSION FOR
 ALUMINA REINFORCED EPOXY COMPOSITES

In this chapter only the properties of alumina reinforced
epoxy composites are discussed, The resu]té from particle-
filled martensitic steels are not dealt with for reasons
explained in Section 3.2. Thé properties of the epoxy com-

posites are discussed in the following order:

1. elastic constants.
acoustic wave attenuation,

fracture energy and toughness.,

S W N

acoustic emission during fracture,

4.1, Elastic Constants

The scatter observed in the values of the elastic con-
stants (Figure 9) could be attributed to the characteristics
of the fabricated samples. The samples were prepared from
different batches of resin and curing agent varying slightly
in their composition. The age.of these materials varied and
some changes in the batch, such as polymerization, couid have
occurred, During frequent sampling, exposure to air could
have changed the moisture content of the bulk and contamination

could have occurred. The temperature fluctuations in the furnace,



during 17 1/2 hours of curing, could have varied from one‘
batch of samples to the next, The ho]és in the finished
sample did not affect the toughness, but did affect the com-

pliance and therefore the apparent elastic modulus,

Figure 9 illustrates the theoretical predictions of
Kernerzg, Pau130, and Ishai3]. The experimental va]ugs of
the elastic modulus are in the vicinity of these predicted
curves. Paul's and Ishai's equations define narrow boundaries
for the e1p§tic moduli of composites, in which the ratio of
filler elastic modulus, E

1’-"
is greater than 2032. This is the case for alumina-filled

to matrix elastic modulus, EE,

epoxy. Kerner used an averaging procedure to determine
elongations and stresses within the composite in order to
derive formulas for the elastic modulus. Paul and Ishai
used the energy theorems of elasticity to obtain their

equations.

_ £
Ee = g ) e (39)
7—5\)E S
At T BTN, | (40)
o o
alfe T A |

where EC the elastic modulus of the composite,
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EA = 393, GPa26 is the elastic modulus of alumina,
Vf is the volume fraction of alumina, and
vg T 0.352 is the Poisson's ratio of epoxy]g.

Paul's equation for the upper-bound values of the elastic

‘modulus 1530:

2/3
EE + (EA - EE)V

F
273
et (Bp - BV 70 - Vg

E = E_I
C E £

73] (42)

Ishai's equation defines the lower-bound values of the

elastic modu]us3]:

v VF :
E = EE\[] + 3
(EA/EE)/(EA/EE - 1) - ‘/Vf

(43)

Even though Kerner's equation refers only to low-filler
concentrations, the results from this experiment for high con-
centrations appeared to be in agreement with Kerner's curve,

EE’ the elastic moduius of epoxy, was determined to be
4,34 GPa and this value was used in the calculations of pre-
dicted values. Most of the experimental elastic moduli of
the composites for large volume fraqtions are in the region-
bounded by Paul's and Ishai's curves, However, there is one
set of points outside the boundaries of these regions. It

is possible that, if the values of EE between 3 GPa - 4 GPa
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were used for Kerner's and Ishai's equations, these points
would be within the boundaries. Values of 3 GPa have been

published'?,

Summary

The elastic modulus was found to increase with increasing
alumina volume fraction. The elastic constants were independent
of the alumina particle size. The theoretical predictions of
Kerner, Paul and Ishai on the elastic modulus of particle
reinforced composites were in reasonable agreement with the

experimental values found in this study.

4,2, Attenuation of Elastic Waves

The attenuation of a material is generally expressed
in dB/m. With the type of equipment used in this study, it
was not possible to measure attenuation in dB/m, Howevef, the
‘pulser tests (Section 2,3,1,3.) expressed attenuation in counts/m,
which was a relative measure of changes in the magnitude.of

attenuation.

A pulser introduces AE through the surface of a material.
During fracture, AE is generated both in the interior and on

the surface of the material. AE is measured in all cases by
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a transducer placed on the surface. It seemed reasonable to
assume that the relations of AE and the distance between the
transducer and the source in fractured epoxy would follow a

similar pattern to that in pulsing tests,

Attenuation was infTuenced by the shape of the sample
(Figure 10). Imperfections, such as cavities in the specimens,
produced unpredictable results., Just as in testing for the
elastic modulus (Section 4.1.), the properties 6f the resin,
curing agent and the factors affecting the sample fabrications

could have contributed to the scatter in the results,.

For méta]s, the attenuation of elastic shear waves and
Tongitudinal waves has been related to the inverse of the

-velocity of the wave33. Since the velocity of the wave in-

creases with the e]astic modulus of any so]id}méteria134,
aétenuation decreases with the increase of the elastic modulus.
Therefore, the difference of attenuation between epoxy and

- glass (Figure 10) is a result of the difference in their
elastic moduli, EG/EE = 23,

134 found that the wave velocity of alumina-

Munson et a
filled epoxy increased with increasing alumina volume fraction,
Assuming that the wave propagation phenomenon in alumina-filled

epoxy is similar to that in metals, the decrease in attenuation

-
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with the increase of alumina volume fraction (Figufe 11) can

be mainly attributed to the increasing modulus, It was observed
that particle size had no influence on -attenuation, This is

in agreement with the}fact that the elastic modulus isxa1so
independent of particle size_(Section 3.1.1.2.). It also
Suggested that the scatter of waves due to the presence of
discontinuities (interfaces) in the material was not an
important factor in attenuation since the amount df inter-

facé increases a§ the particle size decreases. Other workers35,
studying the propagation of shock waves through fibre-reinforced
vcompdsites, have found that the dispersive effect of phase
discontinuities on attenuation was negligible. 1In the attenuation
tests, where a pulser and a transducer weré‘separated by the
-sample thickness (front-to-front tests), the counts in‘glass

Were ~ 5 times higher than those in epoxy. The samé relation

was found between the y intercepts of the linear functions of
counts versus distance calculated for g]ass'and epoxy (Figuré

10). In testing é]umina—fil]ed epoxy composites of varying

volume fraction, no dependence of front-to-front and y inter-

cepts on volume fraction was observed (Figure 12 and 13). No

satisfactory explanation was found for the latter.

Summary

The attenuation of acoustic waves due to distance between

source and detector in the epoxy composites was found to be
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dependent on the volume fraction of alumina. It appeared to
be‘independent of the-alumina particle size. The acoustic

wave attenuation decreased s]ight1y with increasing elastic
- modulus, but the‘effect was too sma]]lto be of significance

in the fracture studies.

4.3. Fracture Energy and Toughness

An attempt is made here to dna]yze and compare the fracture
energy and toughness results from this study with the already
existing theories. Some of the factors that have been suggested‘

to increase the fracture energy are discussed.

Surface Roughness

Fracture energy values are calculated for a smooth surface.
Lange25 estimated the fracture surface of a partic]e reinfdrced
composite of 0.5 volume fractibn to be = 2 times the fracture
surface of an unfilled material. He suggested that the increase
in area due to surface roughness is independent of the filler
particle size. In this study partial particle separation from
the matrix (Figure 28) and secondary cracking (Figuke?26c)
were observed. The two latter factors fogether'with the in-
crease in surface roughness (because of the presence of particles)
determine the surface area increase for the composites tested
here. The following model was used to calculate the total surface

P

area.
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Assumption:
The interfaces of all particles intersected by the crack
are completely fractured.
Mathematical Development:

According to Fu]]man36,

Noo= NP (44)
where NS = average number of intersections per
unit area of sectioning plane.
NV = number of particles/unit vol.
p = probability of p]ane_inteksecting a
particle,
and
p =D (45)
where D is the average particle size.

The volume fraction of filler can be calculated using the

following relation:



where
VT = 1 is a unit volume and

Vp is the volume of a particle.

Thus, it follows that

o

Substituting Vp'in equation (46)

6V

f
N =
v TTD3
Thus,
" i 6Vf
S TrDZ

Thus,

102

(47)

(48)

(49)

(50)

(51)

(52)
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The increase in fracture energy of the alumina-filled
epoxy composites with increasing filler volume fraction was
particle size independent as shown in Table V. It is important
_to notice that the increase in fractured area caused by the
addition of a filler is also particle size independent. In
this study, for a vo}Ume fraction ~ 0.5 the fracture energy
of the composite was ~ 5 times the fracture energy of the |
- matrix. For a volume fraction of 0.5, this model predicts
that the fractured area of the composite is 3 times the
fractured area of the matrix. Thus, it would appear that
the increase in fractured area can account for about 60% of
the fracture energy increase. If it were considered that
at some distance from the crack plane particle decohesion
occurred as well, then the increase in fractured area would
be greater than 3. However, no experimental déta wés obtained
in this study regarding the decohesion of particles at a

distance from the main crack.

Energy Absorbed by the Filler Particle

Scanning electron microscope observétions of fracture
surfaces revealed the presence of particles much sma]ﬁer
‘than the filler particles. These were indentified by X-ray
spectral analysis as alumina particles. The fracture of
small alumina chips did not appéaf to be a frequent event

for the following reasons:
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i) Scanning electron microscopy disclosed the existence
‘of large sections of fracture surface, where embedded
particles of the same size as the average particle
size of the composite were observed (Figures 26 and
28).

ii) The fracture toughness_of the alumina particles is
greater than the fracture»tbughness of epoxy (Tqb]e
XII). Thus, before the stress intensity in the crack
tip reachés the value necessary to fracture the alumina

particles, matrix failure occurs.
Thus, the fracture of alumina particles very likely had a
‘negligible contribution on the total fracture energy of the

alumina-filled epoxy composites.

Friction Between Parting Fracture Surfaces

Epoxy and alumina have different coefficients of thérma1

. _ 3 6, -1
contractions (a); aA]ZOB = 70 x 10 C (Ref. 26), ®apoxy
6 1

(Ref. 19). This would have created residual

8 x 107 7°C”

stresses (o) which had to be overcome to pull the particles

out of the matr1x38:

h p (53)




TABLE XII

Fracture Constants and Elastic Moduli

of Epoxy and of Alumina

(N/m)

Epoxy Alumina
/ *
Young's . Modulus 4.0 393
(GPa) '
Fracture Toughness 1.0 5.2+
(MPavm)
Fracture Energy 250 20%

* Reference 26.
+ Reference 37.
x Reference 38. -
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where
Th is the highest curing temperature = 200°C and

T is the ambient temperature

Examining the fracture surface wiﬁh a scanniﬁg microscope,
bparticles partially pulled out of the'matrix wéfe frequently
observed (Figure 28). Thus, it wdu]d appear that some energy
was. expended to pull out the particles in order to overcome
friction between the particles and the matrix. Thé magnitude

- of the energy reduired for pulling out particles can be estimated

as follows:

" Work of Pull-Out

The work of friction (UF) for pulling out a square particle

is:

" where F. is the friction force.

F

When the pull-out of a particle is initiated, the friction
force is at maximum because the friction area is largest.
Although a friction force is normally independent of area,

in this case the normal force depends upon'the area of partic]e'
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exposed to the residual stress. When the parfic1e is almost

completely pulled out, the friction force is zero. Thus,

F . oS : '
F - 2 | (55)
- where

o is the thermal stress and

Sp is the surface area of a particle

The total area exposed is:

Thus,

This model predicts‘that the pull-out energy is particle
size dependent. The fracture energy of the alumina-filled epoxy
composites tested in this study was not particle size dependent.
Thus, it would appear that the energy required for pulling out

particles was not a major reinforcing factor in this instance.

Interaction of the Crack Front with the Second

Phase Dispersion

25,32,40

According to Lange , the pinning of the crack-

front where the second phase exists increases‘the fracture

D am——
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energy considerab]y.f Since the crack front bows between each
pair of pinning positions, its 1engfh increases before it
breaks away from the pinnfng points. The energyvreQUired

for the increase in crack 1ehgth is‘calied the line energy.
ALange's equation for the fracture energy of the.composite

. 25
is T

o T ' ‘
(3—(;.+d : (57)

where G is the energy/unit area required to form
a new fracture surface,
T is the critical line energy/unit length of
the crack front,

d is the distance between pinning positions:

¢ = % ——V——f-)— | (58)
"Equation 57 indicates that when crack front particie inter-
action takes place, fracture energy is a linear function of

the fnverse of the interparticle distance. However, when

there are so many particles ahead of the crack front that the
composite becomes a "uniform" system, the fracture energy
should drop. The relation of fracture energy and interparticle
spacing of the composites examined in this study is 1inear'see

Figure 36. However, no drop in fracture energy was observed
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at large volume fractions of particles. Figure 37 shows the
fracture energy of an epoxy A]ZO3 ’ 3H20 composite studied

by Lange40

| The evidence of diminished crack front-particle inter-

" action for higher volume fractions than for intermediate

volume fractions was obtained from the fracture surface

and from AE studies. Comet marks left by the main crack

behind the partic]es (see Figures 26a, 26b, 26¢ and 27) were
observed up to intermédiate’volume fractions. The disappearance
of comet marks at high volume fractions (see Figure 26d) is
accompanied by a drop in AE (see‘Figure 21). For composites

'of small particle sizes, the marks ceased at Tower volume
fractions than they did for large particle sizes. This trend

was also observed'by Lange25’4o.

41

Evans et al have proposed that the toughness increase

/

observed when adding a dispersed second phase is a consequence
of the crack deflection around the particles. For sphere-like
dispersions, Evans et a14] predict an increase in fracture
energy with increasing volume fraction. The reinforcement

due to crack deflection is particle size independent. For

a volume fraction of 0.5, the fracture energy of the com-

posite is predicted to be ~ 1.8 times the fracture energy

of the matrix. The toughness increase due to crack deflection
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could have made some contribution to the toughness of the

alumina-filled epoxy composites tested in this study.

Debonding at ﬁrack tips in glass bead-filled epoxy'
has been observed42. The preéence of such debonded zones
can impede crack motion due to crack blunting. Crack blunting
at semi-voids around alumina particles could have made some
contribution to the fracture energy of the composites used
here. ‘This is a natural extension of the surface roughening

process proposed earlier in this section.

Summary

The following factors appear to contribute to the

fracture energy of alumina-filled epoxy:

i) Surface roughness.
iji) Crack deflection due to the presence of a
dispersed phase.

iii) Crack blunting insemi-voids around particies.

For a volume fraction of ~ 0.5, the fracture energy of the
alumina-filled composites was ~ 5 times the toughness of the
matrix. The increase in surface area due to the presence of

alumina particles was estimated here to be ~ 6Vf. Thus, for
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a volume fraction of 0.5, the fractured area of the composite

is ~ 3 times the fractured afea of epoxy. Consequently, surface
roughness seems to be one of the major factors controlling

' the‘increase in toughness of the composites used in this

study.

4.4, Acoustic Emission During Fracture

In the following section the possible factors which affect
acoustic emission in alumina-reinforced epoxy will be analyzed

and discussed.

Crazing

Crazing has been found to be a source of AE in p]astics43’44.

43 observed no significant

Using ordinary AE equipment, Peterlin
variations in the AE of a plastic when crazing was increased.
He concluded that the AE from crazing was masked by machine |
noises and more sophisticated equipment (laser displacement

probe) was required to detect it.

The fibki]s observed in epoxy, in this study, (Figurés
23-25) seem to be crazes. Lilley and Ho]]oway45 have observed
crazes in various epoxy resfns fractured by wedge-loading.
They found that the crazes developed in a direction perpen-

dicular to the crack arrest marks, just as observed in this
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study. No AE was detected during slow crack growth in pure
epoxy. AE was generated Qn]y at the homent rapid crack pro-
pagation was reinitiated. Since it was in the crack arrest
marks where crazes developed, it woujd appear that crazing

is a source of AE in the unfilled matrix. However, the level
~of AE due to crazing was so low that it was not a factor in

filled composites.

Intefaction of the Crack Front with the

Sécohd Phase Dispersion

.Nadeau]3 studied the AE during fracture of glass plates.
These plates had a series of parallel grooves to represent
microstructure. He found that AE resulted from successive
pinning and breakaway of the main crack. No AE was detected
below a ¢hresho1d value of surface discontinuity. In the
present study, the AE per unit area of.composites'with an
alumina particle size of 40 um was up to ~ 4 times the AE
per unit area of the matrix.. Composites with an average
particle size of 137 um had an AE per unit area of up to~
~ 50 timés that of the matrix. Thus, just as in Nadeau's
study, a strong dependence was found between AE and discon-

tinuity size.

When a crack is released from a pinning point (particle),
load stress and strain accumulations are released and AE 1is

produced. For small particles the pinning action is not very
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1arge25. Consequently, local crack speed for surpassing small
obstacles is not significantly greater than the crack speed
in pure epoxy. Since the amplitude of emitted pulses increases

8,13

with increasing crack ve]ocity , small particles have little

effect on AE. The converse holds true for large particles.

The AE per unit area of alumina-filled epoxy increased
~with fnCreasing alumina vo]ume fraction only when comet marks
(see Section 4.3.) were present ih the fracture surface. For
high alumina volume fractions the composite becomes a "uniform"
material to the‘crack front. Consequently, the pihning_action
on the crack decreases and AE per unit area decreases. It
would appear that the pinning and breakaway of the maiﬁ crack
Afrom discontinuities is a critical factor in the generation

of AE.

Decohesion of Alumina Particles from the‘Matrix

If the main source of AE were the decohesion of alumina
particles from the matrix, AE would increase monotonically with
increasing volume fraction. However, AE per unit area values
drop for high alumina volume fractions, as shown in Figures 21
and 22. Thus, the decohesion of the filler from epoxy cannot

~account for the observed behaviour.
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Fkaéture of Alumina Particles

The fracture of alumina particles was disregarded as
a major AE source for the same reasons as was decohesion of

alumina particles from the matrix.

Friction between Parting Fracture Surfaces
The friction between parting fracture surfaces was
neglected as a major‘factor contributing to AE for the same

reason as decohesion of alumina.

Surface Roughness

The AE per area of some of the composites was up to
50 times that of the epoxy. Using a correction factor to
take into account the surface roughness of the composite

would have had no major effect on the AE'per unit area values.

Summary

Crazing appears to be the major source of AE in pure
epoxy. For the alumina-filled epoxy composites, the successive
pinning and breakaway of the main crack from particles seems

to be the major contributing factor to the generation of AE.
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Even though the AE in this study yielded consistent
results, a large scatter was observed in the AE data. In
the worst cases, the standard variation of AE per area was
found to have the same order of magnitude as the average
_value. Such standard variations were not found in other
properties, such as fracture toughness. The difficulty in
quantifying information contained in elastic waves and the
complexity of wave propagation phenomena seriously limits

the reliability of AE techniques.
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CONCLUDING REMARKS

The fracture toughness and fracture energy of the
composites studied increased wifh increasing volume fraction
and were independent of alumina particle size. The increase
in frécture éurface due to the presence of the alumina par-

ticles accounted for about 60% of fhe fracture energy(increase}

The AE pen unit area during failure of thé alumina-
filled composites increased with increasing alumina particle
size. A cut-off particle size of about 40 um appears to exist,
below which no AE increase occurs with the addition of partic]és.
AE per unit area versus volume fraction curves exhibited a
maximum at intermediate alumina volume fractions. The pinning
and release of the crack front due to the presence of particles
seemed to be the major contributing factor to the AE of alumina-

filled composites.
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_ APPENDIX 1
Sample Table of the Data Collected During

a Wedge Loading Test

Sample Plate Thickness Critical Crack AE Step

Width in the plane Load, Length, number,

H of the Crack, Bn P*X] a . i
(10-2 X m) (10'2 X m) (1bs) (10'2 x m) (counts)

1.860 0.440 20,8 2.1 140 1
" "o 18.9 2.5 320 2
! - 0.460 16.6 3.0 400 3
" A 14.8 3.3 570 4
" . 0.490 14.6 3.8 780 5
" 0.450 14.4 4.1 450 6
" 0.480 14.0 4.4 610 7
" 0.460 14,5 4.7 2120 8
" 0.420 13.9 5.8 210 9
" ‘ " 10.2 6.0 2460 10
" 0.440 8.8 7.1 1020 1A
" 0.460 8.8 7.7 1540 12
" 0.440 8.3 8.0 1290 13
" 0.430 7.9 8.6 2170 14
" 0.430 - 7.4 8.9 1150 15
" 0.440 6.8 9.3 1320 16
" 0.430 6,7 9.7 3460 17
" " 6.9 10.3 1330 18
" 0.460 6.2 10.9 410 19
" 0.410 6.4 11.2 610 20
" S 0.400 6.1 12.1 2190 21
- 0.410 5.3 13,6 980 22
" 0.430 5.7 14.0 1810 23
" " 5.7 14.4 2120 24
" 0.430 9.4 15,2 1550 25
" 0.440 9.6 15.5 1450 26
. 0.460 4.8 16.3 14360 27

Alumina volume fraction: 0.076

Average alumina particle size: 129 um
Sample thickness: 1.27 x 10-2 m, :
Sample Lpngth: 18.0 x 10-2 m.

Tpe X
2 tane
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